A B S T R A C T During perfusion of a plasma-like solution, colonic absorption rate of chloride was much higher than the secretion rate of bicarbonate (34 vs. 3.5 meq/h, respectively). This might suggest that anion exchange (Cl/HC03) accounts for only a small fraction of total chloride absorption. However, if the colon absorbs as well as secretes bicarbonate, this reasoning would underestimate the magnitude of the anion exchange. To see if the colon absorbs bicarbonate, we perfused a chloride-free solution (which would eliminate bicarbonate secretion via Cl/HCO3 exchange) and found that the colon absorbed bicarbonate at a rate of 5.1 meq/h. Calculation of electrochemical gradients and measurement of luminal fluid Pco2 indicated that this bicarbonate absorption was mediated passively in response to electrical gradients, rather than via reversed Cl/HCO3 exchange or acid secretion. The combined results of the plasma-like and chloridefree perfusion experiments suggest Cl/HCO3 exchange at a rate of 8.6 meq/h (the sum of bicarbonate movements, 3.5 and 5.1 meq/h, observed in the two experiments). To obtain a second estimate under different experimental conditions, a choline chloride-choline bicarbonate (sodium-free) solution was perfused; with this solution, chloride and bicarbonate absorption dependent on active sodium transport should be eliminated or markedly reduced, and the magnitude of Cl/ HCO3 exchange should be revealed. This experiment suggested a Cl/HCO3 exchange rate of 9.3 meq/h, similar to the first estimate. As chloride was absorbed at a rate of 34 meq/h during perfusion of the plasmalike solution, the Cl/HCO3 exchange provides for approximately one-fourth of total chloride absorption.
INTRODUCTION
Previous work has shown that the human colon actively absorbs sodium (1) (2) (3) (4) , and that this in turn is responReceived for publication 20 April 1982 and in revised form 23 August 1982. sible for a lumen-negative potential difference (PD)' across the mucosa (2) (3) (4) (5) (6) . The colon also absorbs chloride and secretes bicarbonate, and it is generally believed that these anion movements are, at least in part, mediated by a Cl/HCO3 exchange carrier of some sort (1-3, 7, 8) . The magnitude of this exchange has not been determined, and that is the subject of this report.
As a first step towards estimating the magnitude of Cl/HCO3 exchange, it is interesting to consider colonic absorption of physiological test solutions. When such solutions are perfused through the colon of normal subjects, chloride absorption greatly exceeds bicarbonate secretion (9) . This might suggest that Cl/HCO3 exchange accounts for only a negligible fraction of total chloride absorption. However, this reasoning neglects the possibility that bicarbonate might be secreted and absorbed simultaneously. If bicarbonate were absorbed as well as secreted by the colon, then up to 100% of colonic chloride absorption might be mediated by Cl/ HCO3 exchange, even though the rate of chloride absorption greatly exceeded the apparent rate of bicarbonate secretion.
The purpose of the present series of experiments was to evaluate the degree to which Cl/HCO3 exchange accounts for chloride absorption by the human colon in vivo. First 3.5 mm), which functioned as a mixing chamber. Acid was infused into a mixing chamber, rather than into the colon per se, to avoid the possible hazards of direct contact of colon mucosa and acidic solution. The distal end of the mixing chamber was open, so that fluid infused into its proximal end could exit via the distal opening. The third lumen of the triple-lumen tube opened 10 cm beyond the distal opening of the mixing chamber. Studies were begun when the mixing chamber was located in the cecum or ascending colon.
Two solutions were infused simultaneously into the mixing chamber. The first was a low chloride (bicarbonate-containing) solution (similar to solution B, Table I ), which was infused at a rate of 15 ml/min. The second solution contained sulfuric acid and was infused at a rate of 5 ml/min. The concentration of acid was 0, 5, 10, or 40 meq/liter, which resulted in acid infusion rates of 0, 1.5, 3, or 12 meq/h. The exact makeup of the acid solutions is given in the footnote of Table IV . Each acid solution was perfused for 90 min; fluid collected from the distal port of the triple-lumen tube and from a rectal tube was discarded during the first 60 min of each acid infusion period (equilibration time), and then collected anaerobically for the next 30 min and analyzed immediately for Pco2.
Analysis of samples and calculation of results. Infused test solutions, aspirated samples, and rectal effluent were analyzed for PEG by the Hyden method (14) , and electro-lytes were determined by standard techniques (11) . Net water and electrolyte movement was calculated by standard nonabsorbable marker equations (15), with PEG as the nonabsorbable marker. The pH and Pco2 were determined with a blood gas analyzer.
Ethical consideration. This research project was approved by a Human Research Review Committee on January 14, 1981, and informed written consent was obtained from each participant.
RESULTS
Perfusion of plasmalike solution. Table II shows net water and electrolyte movement during perfusion of the plasmalike solution (solution A, Table I ) in six subjects. Bicarbonate was secreted at a rate of 3.5 meq/ h. The PD was -21 mV (lumen-side negative) in the proximal colon and -51 mV in the distal colon, and the concentration of bicarbonate rose from -20 to -27 meq/liter as fluid traversed the colon. Considering that the plasma bicarbonate concentration in these subjects was 24 meq/liter, bicarbonate was secreted against an electrochemical gradient.
Water, sodium, and chloride were absorbed when this solution was perfused. The rate of bicarbonate secretion was quite small compared with the chloride absorption rate. Net potassium movement was nil. Measured net cation (Na + K) and measured net anion (Cl + HCO3) movement rates were similar.
Perfusion of chloride-free solution. Perfusion of this solution resulted in luminal colonic fluid that contained a chloride concentration of only 6 meq/liter, and colonic chloride absorption in this experiment was nil. Therefore, bicarbonate secretion via Cl/HCO3 exchange should be negligible or at least markedly reduced compared with secretion when the colon was perfused with a plasmalike solution. Thus, this experiment should show the extent to which the colon can absorb bicarbonate.
As shown in Table II , perfusion of the chloride-free solution was associated with a bicarbonate absorption rate of 5.1 meq/h. Water and sodium absorption were reduced, compared with absorption when a plasmalike solution was perfused. Potassium movement was near zero, as it was with the plasmalike solution. Although there was, therefore, some sodium present in the colonic lumen, its concentration was very low compared with that with the plasmalike solution, and events dependent on active sodium absorption should be markedly inhibited by perfusion of this test solution. In agreement with this prediction, the PD across the proximal colon was +5 (not significantly different from zero) compared with -21 mV with the plasmalike solution, and PD across the distal colon was -21 mV compared to -51 mV with the plasmalike solution. Under these conditions, passive bicarbonate absorption in response to electrical gradients would be greatly reduced as would chloride absorption mediated in some way by sodium absorption. Thus, the degree to which chloride is absorbed and bicarbonate is secreted by Cl/HCO3 exchange would be more apparent with this than with other test solutions.
The results, given in Table II , show that chloride was absorbed at a rate of 13.2 meq/h, whereas bicarbonate was secreted at a rate of 9.3 meq/h. Sodium was absorbed in an amount about equal to the difference in the rates of these anion movements.
Search for hydrogen secretion. Perfusion of the chloride-free solution (data presented above) revealed that colonic mucosa can absorb as well as secrete bicarbonate. There are several ways in which the colon might absorb bicarbonate, including secretion of HW. H+ secretion is known to occur in both the human jejunum and ileum (13, 16 rather than by the proximal colon. On the other hand, the Pco2 of rectal fluid during bicarbonate perfusion was 7 mmHg higher than when a bicarbonate-free solution was perfused. It seems unlikely that ileal hydrogen secretion could influence the Pco2 of fluid collected in the rectum, so these results suggest the possibility of colonic H+ secretion. The difference in rectal fluid Pco2 with and without bicarbonate was not statistically significant, however, (P = 0.1); therefore, these results can only be considered suggestive.
As just noted, if we assume (despite the lack of statistical significance) that rectal Pco2 is 7 mmHg higher when bicarbonate is perfused than when it is not, this would indicate that the colon secretes H+. However, the magnitude of H+ secretion required to produce such a change in Pco2 would not be evident from these results. We, therefore, performed an additional study wherein known amounts of acid were infused into the colon, while a bicarbonate-containing test solution was Table I. perfused simultaneously (see Methods). As shown in Table IV and Fig. 1 , hydrogen infusion rates of 1.5, 3, and 12 meq/h caused a rise in Pco2 of fluid collected from the proximal colon, and although Pco2 fell as fluid traversed the colon, the Pco2 of rectal effluent was still higher at all acid infusion rates than when acid was not infused. By extrapolation, with the data in Fig. 1 , it would require acid secretion of only 1.0 meq/h to give a 7-mmHg rise in rectal fluid Pco2. Thus, we conclude that H' secretion could contribute only a small amount, if any, to the overall rate of bicarbonate absorption (5.1 meq/h) noted during perfusion of a chloride-free solution.
DISCUSSION During perfusion of a plasmalike solution, we measured a colonic chloride absorption rate of 34 meq/h and a bicarbonate secretion rate of only 3.5 meq/h. However, one cannot conclude from this experiment that Cl/HCO3 exchange accounts for only 3.5 meq/h of the chloride that is absorbed. This is because the observed rate of bicarbonate secretion might underestimate the true rate of bicarbonate secretion, if the colon absorbs as well as secretes bicarbonate.
To determine if the colon absorbs bicarbonate, we perfused a chloride-free solution; this eliminated chloride absorption, and presumably eliminated or markedly reduced bicarbonate secretion by Cl/HCO3 exchange. During perfusion of this chloride-free solution, bicarbonate was absorbed at a rate of 5.1 meq/ h. Further studies, using Pco2 as a marker of intraluminal reaction of HCO3-and H', suggested that this bicarbonate absorption was mediated to only a small Infused solution to achieve these acid infusion rates consisted of solution B in Table I When the choline chloride-choline bicarbonate solution was perfused, we found that bicarbonate was secreted at a rate of 9.3 meq/h, whereas chloride was absorbed at a rate of 13.2 meq/h. The difference was nearly matched by the sodium absorption rate of 2.9 meq/h. The most logical explanation for these findings is that the Cl/HCO3 exchange operated at a rate of 9.3 meq/h, and that an additional 2.9 meq of chloride was absorbed with sodium. However, we cannot exclude the possibility that some of the secreted bicarbonate (rather than chloride) was reabsorbed with sodium, which could mean that the Cl/HCO3 exchange operated at a rate somewhere between 9.3 and 13.2 meq/h. The lower value is in excellent agreement with our other estimate of 8.6 meq/h (which was based on addition of observed bicarbonate movements during perfusion of the plasmalike and the chloride-free test solutions). Therefore, all the data combined suggest that the human colon Cl/HCO3 exchange operates at a rate of -9 meq/h.
Although it has so far not been possible to accurately measure bicarbonate movement in in vitro preparations of intestine placed in Ussing chambers, it is nevertheless interesting to compare our results in vivo with those of Hawker et al. (3) in short-circuited colonic mucosa. These workers observed sodium and chloride absorption rates of 6.9 and 2.4 geq/cm per h, respectively. Thus, the chloride absorption rate was 35% of the sodium absorption rate under in vitro conditions where electrical and chemical forces favoring passive ion movements were eliminated. In our study in vivo, the estimated rate of Cl/HCO3 exchange (-9 meq/ h) was equal to 30% of the measured rate of sodium absorption during perfusion of the plasmalike solution. Thus, if it is assumed that all active chloride absorption in vitro is mediated by Cl/HCO3 exchange, the magnitude of this exchange, relative to the rate of active sodium absorption, is similar to what we have calculated for human colon in vivo.
Our data suggest that Cl/HCO3 exchange can account for about one-fourth of the chloride that is absorbed by the human colon in vivo during perfusion of physiological solutions.2 Thus, there is a large fraction of chloride absorption that is independent of anion exchange-25 meq/h. This anion exchange independent fraction of chloride absorption was markedly reduced (to at least 2.9 meq/h) when active sodium absorption was reduced by perfusion of the colon with a sodium-depleted solution. These observations suggest that the anion exchange independent fraction of chloride absorption is related to active sodium absorption. This could most easily be explained by postulating passive chloride absorption in response to electrical gradients generated by active sodium pumping, although some form of NaCl cotransport might also be involved.
An unexpected observation made during the course of these experiments is that the colon did not secrete potassium, even when cation secretion was favored by large electrochemical gradients (Table II) . This finding suggests that the normal human colon is virtually impermeable to potassium. Therefore, the very high concentration of potassium in normal stool water (17) probably reflects mainly a contraction phenomenon (the colon absorbs water and the potassium concentration is thereby elevated), rather than passive potassium secretion by the colon. Obviously, in disease states abnormal permeability or active potassium secretion might also play a role in elevating the potassium concentrations in stool water.
